An investigation of the need of engine model complexity for use in powertrain control applications is presented in this paper. The engine studied is an SI-engine, but the analysis methods could easily be adapted to a CI-engine. The different engine models investigated are a cylinder-by-cylinder engine model and a mean value engine model. The way to evaluate the engine models is to compare the dynamical behavior and how the engine affects the driveline. The analysis is made by studying the engine in the frequency and time domain.
INTRODUCTION
There is a significant potential in applying modern control theory in order to improve the functionality of next generation's vehicle. One way of improving the functionality is to integrate the control of the engine and the transmission, i.e. integrated powertrain control. With such a controller it is possible to improve driveability, gearshift quality, fuel economy etc. The purpose of this paper is to investigate the need of engine model complexity for use in powertrain control design and in simulation models.
Many researchers and scientists are involved in the area of automotive control and many papers have been written about engine model complexity for use in engine control algorithms. Some representative papers for these investigations are [1] , [2] , [3] , [4] and [5] . One common conclusion is that the model complexity needed depends on the use of the model. It is also commonly concluded that for nonlinear engine control and engine state estimation a mean value engine model is sufficient, but for diagnostics, a cylinderby-cylinder engine model is necessary. For powertrain control applications not many conclusions have been made and it is necessary to investigate this problem further.
Powertrain control is a rather new concept in the automotive control area. The concept deals with control strategies for both the engine and the transmission. An extensive overview of the area is given in the literature survey by Andersson and Johansson [6] . Integrated control can be used for optimization of driveability, gearshift without synchronizers etc., applications where the interaction between the two components, engine and transmission, is critical. Papers like [7] , [8] , [9] , [10] and [11] deal with different kind of powertrain control problems. One drawback of most of these investigations is the use of engine maps, i.e. steady state engine models with unlimited bandwidth. By use of dynamic engine models, more powertrain phenomena can be characterized, phenomena like turbo lag and emission restrictions. This conclusion is also made by Pettersson in [8] , where the author states that the lack of fit to experimental data may be due to unmodeled engine dynamics.
The first part of this paper concerns powertrain modeling. The models are implemented in the equation-oriented simulation software DYMOLA, [12] . To be able to evaluate different powertrains, a set of powertrain components are modeled, which can be combined into different powertrain configurations. By building different sets of powertrains and performing simulations it is possible to evaluate the need of engine model complexity for each set.
The second part of the paper concerns the analysis of the powertrain and particularly the engine. As mentioned before, the complexity of the engine model depends on the intended use of the model. The mean value engine model is sufficient for nonlinear engine control and engine state estimation, but when it comes to powertrain control, it is necessary to investigate how the individual combustion pulses influence the driveline. The methods for these investigations are simulations and frequency analysis.
In the last part of this work some powertrain control applications are studied. The applications studied are driveline resonances and backlash. The focus of these application studies is to compare the two engine models and evaluate them for use in control design. Due to elastic components in the driveline, mechanical resonances occur. Only first order resonance frequency is considered in this paper. [8] and [9] discuss the problem further and shows that it can be solved by active engine control. It is, though, necessary to investigate how the combustion pulses affect the driveline. The presence of backlash causes different types of problems. One type of problem occurs at events such as gearshifts and tip-in tip-out, when the driveline torque changes sign once. Another type of problem is transmission gear rattling, when the torque changes sign repeatedly. In these studies the focus is on the first type of problems.
MODEL DESCRIPTION
The models used in this work will be outlined in this section. The driveline components (gearbox, driveshafts etc.) proposed in the literature are usually similar and relatively simple. For the SI-engine, there are however several modeling approaches. From simple static models to very complex models where the combustion process is modeled in detail.
In powertrain control application, the most commonly used engine model is a simple engine map [8] and [9] . As mentioned before this makes it possible to control the engine model with unlimited bandwidth. This might give results that do not correspond well to experimental results. For some applications an engine map works well, for example in fuel economy studies on freeways.
For these investigations a library has been built up with a set of different engines and driveline components. The models are implemented in the equation-oriented software DYMOLA. The features of equation-oriented modeling together with a well-structured submodel library give a powerful tool for these studies. 
ENGINE MODELING
Two different engine models are presented. The first model is sometimes referred to in the literature as Mean Value Engine Models, MVEM, and the second as Cylinder-by-Cylinder Engine Models, CCEM. The purpose with these models is to put focus on the difference between these two approaches in engine modeling.
The main difference between these two approaches is the treatment of the discrete events in a reciprocating engine. These basic events are the ingestion of an air/fuel mixture into the engine during the intake stroke, compression of the mixture as the piston returns to top-dead-center (TDC), combustion and expansion of the gas during the powerstroke driving the piston downward and imparting torque to the crankshaft. Finally, the exhaust gases are ejected through the exhaust port as the piston returns to TDC. For a five-cylinder engine, the fundamental events are offset 144 crankangle degrees per cylinder.
Many models have been developed and verified against experimental data both for MVEM's and for CCEM's. The aim in this paper is as mentioned before to put focus on the difference between these two approaches, and will not give a complete description of the two models. The models used are fairly simple, and more extensive descriptions of similar models can be seen in [1] , [2] and [5] for MVEM's and [3] and [13] , for CCEM's. The engine models used in this paper is based on the ones described in [2] and [3] .
The models used are built up by a number of submodels, of which the throttle body, the intake manifold and the engine inertia are common for the two models. The structure of the models can be seen in figure 2 and 3. In the CCEM the fundamental events are triggered by the crankangle degrees and the torque output during the power stroke is approximated by a mathematical function to capture the shape of the torque pulse, one calculation is done for each torque pulse. In the MVEM these events are replaced by time delays which are functions of the engine speed. The torque output is continuous, and represents a mean value of the pulsating torque.
Below follows a short description of the submodels incorporated, and the way in which they are modeled.
Intake manifold -The intake manifold is a lumped parameter model with uniform pressure and temperature. The air in the manifold is assumed to follow the law of ideal gas. The dynamics is modeled by filling and emptying with the mass captured in the manifold as state variable. The manifold is assumed to be adiabatic, and no heat exchange with the walls is included. The temperature is assumed to change slowly and the outflow temperature is set to be identical to inflow temperature.
Throttle body -The throttle is modeled assuming onedimensional, steady, compressible flow of an ideal gas. Empirical results from measurements are used to capture the characteristics of the pressure drop vs. massflow in the throttle for the specific engine used.
Rotational dynamics -The engine inertia is modeled to have a constant moment of inertia. The angular velocity is derived from Newton's second law where Tq is the engine torque and Tload is the load from the driveline.
Base engine -In the base engine, the in cylinder events are calculated as well as the massflow through the engine. The same basic equations are used in the two models to calculate volumetric efficiency, friction torque, pump torque, indicated torque etc. In the MVEM some of these variables which have cyclic variations are represented by the mean value.
The torque output from the engine models is calculated as, where Tq i , Tq f and Tq p are the indicated torque, friction torque resp. pump torque. The indicated torque is calculated as where Q LHV is the lower heating value of the fuel, η is the efficiency for thermal conversion, spark advance resp. air/ fuel ratio. AF is the air/fuel ratio for stoichometric combustion.
The air/fuel mass ingested to the engine is calculated using a tabulated volumetric efficiency as a function of manifold pressure and engine speed.
In the CCEM the throttle to torque response will vary depending on where on the revolution the change occurs. The shortest response possible is about 200 crankangle degrees, which is the time it takes to compress the air/fuel mixture and start the combustion process. The throttle change then takes place in the end of the intake stroke. The longest response possible will appear if the throttle change appear just after the intake valve has closed. For a five-cylinder engine the response then comes after approximately 340 crank angle degrees.
In the case with an MVEM, the delay in crankangle degrees is replaced with a time delay. The delay chosen is in between the two extremes. In the simulations in the present work it is set to 240 crankangle degrees. The time delay τ then becomes where ω is the engine speed in rad/s.
The spark advance (SA) can be changed until the ignition comes, which is assumed to take place at 30 crankangle degrees before TDC for maximum brake torque. For the MVEM this delay is modeled by a spark to torque time delay corresponding to 75 crankangle degrees.
Controller module -The controller contains no closed loop control. Lambda is assumed to be constant, λ=1. The input to the controller module is pedal request and SA request. The pedal request is multiplied with a gain to give a throttle plate angle. The SA request is distributed to the individual cylinders before the ignition is to take place. For the MVEM the SA request is sampled with which is the offset between two cylinders transferred to a time delay.
DRIVELINE MODELING
The driveline components used are built up within a previous project, [14] . The driveline models from this work are well decomposed, and the interface between the components makes it easy to set up different configurations of powertrains. Parameters can easily be changed within the components to adapt them to the real component to be simulated. The model library used can be seen in Figure 4 . Backlash module -In torsional power transmissions, gear trains, couplings, flexible driveshafts etc. are combined to form the system. Nonlinearities like backlash usually lead to energy storage in the system, which is a frequent cause of instability and self-sustained oscillation. There are contributions to the backlash from several components, and from a modeling point of view it would be desirable to lump these contributions to one place.
The driveline model proposed in the next section is a third order model with two lumped inertias and one flexible driveshaft, see Figure 6 . As there are only two inertias in the system, it is appropriate to place one single backlash module between these.
A critical feature of backlash is its multi-valued nature. Corresponding to each input, multiple output features are possible. Which one of the two occurs depends on the history of the input.
The backlash can be visualized as shown in Figure 5 . The size of the backlash shown in the figure is ∆ϕ degrees. 
MODEL ANALYSIS
There are different ways to analyze the dynamical behavior of the powertrain. One way is by simulation and study of interesting variables in the time domain. Another is by studying the powertrain model in the frequency domain. Both ways are of interest and are performed and described in the following sections.
FREQUENCY DOMAIN
The analysis of the powertrain in the frequency domain is divided into two parts, the analysis of the driveline and the analysis of the engine.
For a conventional driveline with a fixed gear ratio, a third order linear model can be used with good accuracy. It has been shown by C.Y. Mo et. al. in [9] , that a third order model captures the main characteristics of the driveline. In order to study this driveline model, Figure 6 , in the frequency domain, the model is expressed as a transfer function, from the engine torque, T eng , to the torque in the driveshaft, T ds . The transfer function has the form where k and d are the cofficients for the stiffness and the damping in the driveshaft, J1 and J2 are the mass moment of inertia for the engine's flywheel resp. the chassis and i is the gearbox ratio. The Bode plot of the transfer function is shown in Figure 7 . By examining the transfer function it is shown that the driveline resonance frequency, for the differ-
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ent gears, varies from 6-50 rad/s. These frequencies correspond well with the resonance frequencies in a real vehicle. From the Bode plot it can also be seen that for high gears the resonance frequency are more damped than for low gears, which means that the resonance frequencies for the low gears are of more importance then those of the high gears. This is of special importance for applications such as active control of driveline oscillations. In order to evaluate the need of the engine model complexity it is necessary to investigate the frequency content of the engine. Since the resonance frequencies of the driveline are low (typical 6-50 rad/s) it is of special interest to study the frequency content of the engine at low speed. The lowest realistic engine speed is around 600 rpm, which corresponds to a frequency of 157 rad/s (for a five-cylinder engine). Figure 8 shows the engine torque derived from cylinder pressure measurements as function of time at 600 rpm. By computing the power spectral density, [15] , of the engine torque, the frequency content of the engine can be examined. Figure 8 . Engine torque at 600 rpm.
The power spectral density is shown in Figure 9 . The mean value of the torque is removed when performing the power spectral analysis. The frequency content of the engine at 600 rpm is concentrated around 157 rad/s. The main engine frequency [rad/s] is related to the engine speed as where ω is the engine speed [rad/s] and n is the number of cylinders. According to the spectrum in Figure 9 , the lowest engine frequency is approximately 140 rad/s. By studying the Bode plot, Figure 7 , it can be seen that for frequencies larger than 140 rad/s, the amplitude of the driveshaft's torque oscillation is less than 0.1 times the amplitude of the engine's torque oscillation. By using this together with the conclusion that the driveline resonance frequencies are less then 50 rad/s (according to the Bode plot in Figure 7) , gives that the frequency content of the engine does not interact with the driveline's resonance frequencies. Another conclusion is that higher engine frequencies will be more damped by the driveline. The frequency analysis shows that it is not necessary to use a cylinder-by-cylinder engine model if the driveline is considered as a linear third order system. This conclusion is not general, however, since the nonlinearities in the driveline are not considered. The control strategy and/or the nonlinear components in the driveline can be of such nature that it is necessary to use a CCEM. To investigate how these nonlinearities affect the driveline in the frequency domain, each component needs to be studied. These studies gets easily very complex, due to the complexity of the involved nonlinear components, therefore will these investigations be performed in the time domain.
TIME DOMAIN
The powertrain analysis in the time domain is done by simulations. The simulation models are built up from components described in the modeling section. Several different combinations of powertrain models are evaluated. The figf ω n ⋅ 2 -----------= ure below shows an example of a powertrain used in the investigation of the backlash problem. This model with one lumped backlash model does not capture the gear rattling phenomena. The intended use of the model is to capture the main characteristic of the backlash, and not to give a true represention of the phenomena which is a much more complicated problem. Since the driveline model only capture first order resonance frequency, the backlash model is sufficient in a control point of view. In order to verify the conclusion made in the frequency analysis section, the linear third order driveline model is simulated with a step in throttle position, with the engine model directly routed to the driveline via a rigid shaft, Figure 11. As can be seen in Figure 11 , both the MVEM's and the CCEM's dynamical behavior coincide. The dynamical behavior of the engine models coincide well, even for a more provocative control signal, as high frequent spark advance. Step response in throttle position using a linear driveline model with an MVEM and a CCEM. The oscillatory signal corresponds to the CCEM and the smooth signal to the MVEM.
It should be mentioned that even though the dynamical behavior coincide for open-loop simulations, it might differ when performing closed-loop control shown by Åström and Wittenmark in [16] . This is due to that the systems differ considerably at high frequencies. It is thus possible to design a controller that works well for both systems provided that the closed-loop bandwidth is chosen to be sufficiently small.
As mentioned before it is necessary to evaluate how the nonlinearities in the driveline affect the driveability. By including nonlinear components (clutch and backlash) in the linear driveline, and perform simulations, the following results are achieved, Figure 12 . Step response in throttle position using a nonlinear driveline model with an MVEM and a CCEM.
The conclusion is that the nonlinear components affect the dynamical behavior of the driveline. However, the choice of engine model seems not to matter.
POWERTRAIN APPLICATIONS
In the area of powertrain control there are several problems that might be solved with integrated control of the engine and transmission. Problems like driveline resonances, backlash, gearshift without synchronizers, fuel economy, environmental effect, etc. In this paper the focus is on the first two problems mentioned above.
DRIVELINE OSCILLATIONS
Since there are elastic components in the driveline, mechanical resonance occurs. These oscillations reduce driveability and functionality of the vehicle. Typical resonance frequencies are 6-35 rad/s for a heavy-duty truck and 6-63 rad/s for a passenger car. In Figure 7 , it is shown that the resonance frequencies are between 6-50 rad/s for the chosen driveline.
The frequency analysis showed that the combustion pulses do not interact with the driveline resonance frequencies. It is therefore possible to use an MVEM to solve this problem. These low-frequency driveline oscillations can be damped either by a mechanical passive filter or by active engine control. A mechanical filter will probably lead to a more expensive and heavier vehicle, with this in mind the authors recommend the use of active engine control to solve this problem.
BACKLASH
Due to nonlinearities in the clutch and the play between the cogs of the cogwheels in the transmission, another powertrain phenomena, commonly known as backlash, occurs. The backlash is approximately 20-30 crankangle degrees. This may seem large, but note that the gear ratio is between 5-10, which means that the play between the cogs is approximate 2-5 degrees.
The control task is to control the engine torque through the backlash in a smooth way. This is of special interest for example when driving at low speed on a parking lot. To evaluate this problem the backlash component described in the modeling section is included in the driveline model. The interesting region is evaluated by simulation. Figure 13 shows the torque in the driveshaft as a function of time. As can be seen in the figure, the behavior when changing side in the backlash corresponds well for the two engine models. The difference in time when the two models exit the backlash is due to a small difference when entering the backlash. When changing side in the backlash fast, the time spent in the backlash is very small, just one or a few combustion pulses. One drawback with changing side in the backlash fast is that the relative speed as well as the impulse to the driveline will be larger. From these results, the choice of engine model depends on the control strategy as well as time spent in the backlash. When studying gear rattle, which is another class of backlash problems, the engine model must always be a CCEM, since the combustion pulses are the main reason for the rattle. 
DIESEL ENGINE MODEL COMPATIBILITY
The engine models developed for this investigation cover only SI engines, but can easily be converted to diesel engine models (compression ignited engine). This means that the same analysis made in the previous sections is also applicable for diesel engine models.
HIGH FREQUENCY CONTROL
The investigation presented in this paper has shown that an MVEM is sufficient. It is important to keep in mind that the engine torque in a real engine is pulsating, which means that the combustion pulses have distribution in time. This will limit the bandwidth of the engine. The maximum bandwidth of the control signals is dependent on the engine speed as which means that control signals faster then f max might not be performed.
When controlling the engine torque or speed fast, for example at active control of driveline resonances, it might be necessary to use possibilities like fuel cut-off to achieve the requested torque. It then becomes important to be aware of the combustion pulses distribution in time and consider this when designing the control algorithm.
CONCLUSION
Two engine models with different degree of complexity have been presented in this paper. The purpose was to compare these models and evaluate them for use in powertrain applications. Two applications have been studied, driveline oscillations and backlash.
For the first application it has been concluded that the combustion pulses do not interact with the resonance frequencies of the driveline. This fact states that an MVEM is well suited for use in control algorithms or for evaluation of control strategies.
In the second application, however, it is not concluded that an MVEM is accurate enough for use in a control algorithm or for evaluation of a control strategy. Since the time spent in the backlash as well as the control strategy is of importance, it could be necessary to use a cylinder-by-cylinder engine model.
Other aspects not considered in this paper that could effect the choice of engine model are prediction of emissions during transients, possibilities to control the air/fuel ratio individually for each cylinder, vibration etc.
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